We have analyzed predicted helical twist angles In the 21 -bp repeat region of the SV40 genome, using a semiempirical model previously shown to accurately predict backbone conformations. Unexpectedly, the pattern of twist angles characteristic of the six GC-boxes is repeated an additional five times at positions that are regularly Interspersed with the six GC-box sequences. These patterns of helical twist angles are associated with a second, imperfectly-repeated sequence motif, the TR-box 5'-RRNTRGG. Unrelated DNA sequences that interact with trans-acting factors (p53 and GABP) exhibit similar twist angle patterns, due to elements of the general form 5'-RRRYRRR that occur as interspersed arrays with a spacing of 10-11 bp and an offset of 4 -6 bp. Arrays of these elements, which we call pyrimidine sandwich elements (PSEs), may play an Important role in the Interaction of trans-acting factors with DNA control regions. In 13 human protooncogenes analyzed, we Identified 31 PSE arrays, 11 of which were In the 5'-flanklng regions of the genes. The most extensive array was found in the promoter region of the K-ras gene. Extending over 80 bp of DNA, it contained 16 PSEs that showed an average deviation from the SV40 criterion pattern of angles of only 1.2°.
INTRODUCTION
Much of our present knowledge of gene expression in eukaryotes is based on the ci's-regulatory element: fra/is-acting factor paradigm (1, 2) . In this general model, a DNA sequence element located variable distances from the transcriptional start point of a gene is the target for the specific binding of a protein factor, and binding of this factor to its target sequence modulates the activity of the gene. Often, multiple elements are involved in regulation of a single gene and the elements may be either upstream or downstream from the transcriptional start point. Numerous such factor:sequence motif pairs have been discovered d-4).
A well-studied and instructive example of this paradigm is found in the DNA virus SV40. Expression of the early and late transcription units of S V40 depends on a series of three tandem 21 bp repeats that contain 6 copies of the sequence GGGCGG (5-8), known as the GC-box motif. These motifs are targets for the zinc-finger transcription factor Spl, and binding of this trans-acting protein to the GC-boxes appears to be necessary for transcription (5 -8) . Although the molecular details of the interaction between Spl and its cognate sequence have yet to be worked out, methylation interference studies indicate contacts are made with particular dG residues of the purine-rich strand in the major groove (5) (6) (7) (8) . It is assumed that contacts between the protein and functional groups in the DNA sequence impart sequence-specificity to this interaction.
Although the sequence-specific pattern of functional groups available for protein interaction in me major groove of the GCbox is certainly an important aspect of the specificity of interaction, the backbone conformation of the double helix may also play a role. Since the first crystal structure of a duplex oligonucleotide was determined (9) , it has been clear that individual base pairs adopt conformations that differ significantly from the average properties of DNA. For example, the helical twist angle between adjacent base pairs in the dodecamer studied by Dickerson and Drew (9) varied from 27.4 to 40.3°. The most important sequence-dependent contribution to these conformational differences appears to be the 'purine-purine clash' which results from the propeller twist of the base pairs and the fact that purines are 'longer' than pyrimidines and therefore extend more than halfway across the interior of the double helix (10, 11) . Thus, if all base pairs adopted the average B-DNA conformation, adjacent purines in opposite strands in all 5'-YpR steps would severely overlap. One of the ways in which this 'purine-purine' clash is accommodated is by alterations in helical twist angles. The two base pairs involved adopt a low twist angle, while the twist angles with their nearest neighbors are higher than average. Sizeable changes in roll angle (the overall tilt of a base pair with respect to the long axis of the helix) also have been correlated with 5'-YpR steps (9, 12) . Sequence-dependent differences in conformational parameters such as helical twist and roll angle obviously contribute to the overall three dimensional shape of the DNA surface, and presumably thereby to the ability of DNAbinding proteins to recognize specific sequences.
In the present study we analyzed theoretical helical twist angle patterns in several DNA sequences involved in the transactivation of gene expression and identified a degenerate sequence motif found in periodic arrays in several such DNA regions. Such arrays are shown to occur in a nonrandom manner in human oncogene sequences, suggesting that they may have some important function in the regulation of gene expression. The pattern of twist angles in the region of herpes simplex virus containing the ICP4 enhancer is shown, viewed from the pyrimidine-rich strand. Solid bars indicate the positions of the repeated CGGAAR motifs (here viewed from the pyrimidine-rich strand) previously shown to be footprinted by the GABP complex (27) .
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RESULTS AND DISCUSSION
Analysis of the 21 bp repeats of SV40
Several empirical models that predict helix conformation parameters from base sequence have been described that provide fairly good agreement with crystallographic data (10-13). We analyzed the twist angles between adjacent base pairs predicted by one of these models (12) in the 21 bp repeat region of the SV40 genome. The pattern of twist angles predicted for a single GC-box ( Fig. 1 A, dotted rectangle) is dominated by the low twist (angle 3, 27.9°) needed to relieve the purine-purine clash in the central 5'-CpG step. This is balanced by higher than average twist angles in the adjacent steps (angles 2 and 4, 35.9-37.7°) and close to average twist in the next nearest neighbors (angles 1 and 5). As expected from the sequence repetition, this pattern of twist angles is repeated six times with an average spacing of 10.6 bp. This periodicity positions homologous bases of each GC-box (Fig. 1A , solid bars) on the same side of the double helix, as previously noted (6, 14) . Unexpectedly, a very similar pattern of twist angles is found interspersed with the GC-box pattern centered over five occurrences of a 5'-TpR step with an average spacing of 10.3 bp (Fig. 1A, dashed bars) . This set of 'TR-boxes' is offset an average of 4.6 bp from the GC-box pattern, placing the analogous bases on the opposite face of the double helix from the GC-boxes. Although a 5 bp periodicity in the occurrence of dG residues in the 21 bp-repeats of SV40 has been noted (14) , the presence of the interspersed TR-box sequence motif has not to our knowledge been identified previously.
The sets of predicted average twist angles for each of these arrays (Table 1) are very similar, probably within the margin of error of the empirical model used for the analysis. In the set of PSEs shown in Fig. 1A , the twist angle in each CpG step for the GC-box elements or in each TpR step for the TR-box elements was designated angle 3, and the preceding and subsequent angles were numbered sequentially from 3' to 5' (see Fig. 1A , dotted rectangle). The average twist at each position was calculated for each of die interspersed arrays or for the entire array; standard deviations are given in parentheses for the combined array. A set of 3706 PSEs with 0 or 1 mismatch from the consensus derived from the human oncogene dataset described below, were analyzed for their helical twist angle patterns. The average rms deviations from the SV40-criterion angles (and the ranges) were determined as a function of the position of die mismatch within the 7 nt window defined in Figure 3 . Consequently, we have been encouraged to treat both the GCbox and the TR-box arrays as members of a more fundamental pattern characterized by the general sequence motif 5'-RRRYRRR. The average values of the five twist angles for this pyrimidine sandwich element (PSE) as defined by the SV40 repeats are also given in Table 1 ; they will be referred to below as the SV40 criterion angles. When the 21-bp repeats are viewed in this framework, the two interspersed sequence motifs are: GGGCGGR and RRNTRGG. The six bases that flank the central pyrimidines are predominantly purines (63/66=95%), with the three occurrences of a pyrimidine in the flanking bases all at the position immediately 5' to the central pyrimidine.
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Analysis of promoters of housekeeping genes
The GC-box motif has been identified in the 5'-flanking regions of numerous mammalian 'housekeeping' genes (15) (16) (17) (18) (19) (20) (21) , and has been implicated as a functional promoter in several genes including the hamster APRT gene (22) . Since the GC-boxes of SV40 occur in a periodic, PSE array, we wondered whether similar structures are found surrounding other functionally important GC-boxes. Consequently, we analyzed twist angle patterns in several such genes by looking for close matches to the SV40-defined pattern. Small PSE arrays were found in the putative promoter regions of the mouse HPRT, human APRT and hamster APRT genes. For example, three matches to the SV40-criterion angles, spaced 10 bp apart and including two GCboxes, were found in the hamster/l/^rpromoter; a fourth PSE was interspersed within this region, offset by 5 bp. A more extensive PSE array was detected in the mouse HPRT promoter between nucleotides 767 and 818: six matches to the SV40 criterion angles, including three GC-boxes, were spaced an average of 10.2 bp, and three matches were interspersed with this array with an average offset of 6.3 bp (Fig. IB) . In addition to the promoters of housekeeping genes, several human proto-oncogenes are known to contain GC-boxes in their promoters. In the case of the Ha-ras gene, 3 GC-boxes are contained in the functional promoter (23), adjacent to 4 sequences that differ by one or two bases from the canonical GC-box motif ( Figure 2A ). The latter 4 PSEs exhibit twist angle patterns very similar to the SV40 criterion angles (average rms deviation = 1.1°) and are arranged with the canonical GC boxes to make two interspersed subarrays with periodicities of about 11 bp. In the case of the K-ras promoter ( Figure 2B ), canonical GC boxes at positions 216 and 260 are contained within an extensive PSE array extending from 216 to 296 and containing 16 elements. The overall periodicity is 10.2 bp and the rms deviation from the SV40 criterion angles is 1.2° ( Figure 2B ).
PSE arrays at p53-and GABP-binding sites
Since the identification of Spl as the GC-box binding protein, numerous other proteins that activate transcription by interacting with specific DNA sequences have been described (1) (2) (3) (4) . We analyzed the DNA target sequences of several such trans-acting factors for the appearance of twist angle patterns that matched the SV40-defined PSE. Most of the target sequences examined, including those for Thlll-A, c-myc, AP-1, and AP-2, did not exhibit homologies (data not shown). However, target sequences for two known DNA-binding proteins did contain PSE arrays.
The product of a human tumor suppressor gene, p53, interacts with the 21-bp repeats of SV40 and with a region of the human rRNA gene cluster that contains several copies of the sequence 5'-AGGCA (24, 25) . However, upon inspection of the target sequence each of these can be seen to be embedded in a PSE of the form 5'-AGGCARR. Furthermore, as seen in Fig. 1C , the four AGGCA copies are contained in two interspersed PSE arrays with a total of six members; the average separation within each array is 9.8 bp, and the offset between the two arrays is 4.3 bp. When compared with the set of five SV40 criterion angles (Table 1) , the overall rms deviation for the angles in these six elements is 1.4°. Two copies of the AGGCARR sequence are also present in the p53-responsive region of the murine musclespecific creatine kinase promoter-enhancer (26) . Analysis of twist angles in this sequence indicates that the p53-binding motifs are embedded in a 6-member PSE array with a basic periodicity of 11.0 bp (data not shown).
A third kind of target sequence that we found to contain PSE arrays is a m-regulatory region of herpes simplex virus needed for immediate early transcription, the ICP4 enhancer (27) . A heteromeric protein complex designated GA-binding protein (GABP) binds to this DNA sequence in vitro (27) ; one polypeptide in the complex is related to the Ets family of nuclear DNA-binding proteins, while the second polypeptide contains 4 imperfect copies of the ankyrin repeat motif. Using both DNase I footprinting and methylation interference assays to define the binding site, the sequence motif CGGAAR was suggested to be involved in binding of GABP (27) . Our analysis of this DNA region (Fig. ID) indicates that the three occurrences of this motif are contained in PSEs of the form 5'-RNRCGGA, and that a total of 7 PSEs are contained in a primary array with periodicity 10.2 bp, interspersed with a second array with periodicity 10.5 bp, offset from the first by 4.3 bp. The RMS deviation of angles in this array from the SV-40 criterion angles is 1.9°; much of this variability is contributed by the first and last elements of the array.
Description of the PSE array search algorithm
To more rigorously analyze the occurrence of arrays of PSEs in genomic DNA sequences, we developed a semi-automated, score-based sequence analysis to identify potential arrays. In Figure 3 , the prototype PSE element is shown (surrounded by a dotted line) along with the internal numbering convention we have used. The most striking feature of the SV40 criterion angles is the low helical twist angle between positions 0 and +1, caused by the purine-purine clash inherent to all 5'-YpR steps. Therefore, in searching for arrays of PSEs, we required a pyrimidine in position 0 and a purine in position +1. Using a simple computer program, a 7-bp window was moved along a given sequence, and each position at which the sequence was identical to the prototype PSE, 5'-RRRYRRR, or contained one or two mismatches in positions other than 0 and +1 was identified as a match. In the hypothetical sequence of Figure 3 , four such matches are identified by the horizontal lines above and below the sequence; the circles in the center of these lines indicate position 0 of each element. Clusters of 6 or more matches within 41 bp were identified as potential arrays, and were further analyzed. Each strand of a given sequence was searched independently, but only matches with the same polarity were used to construct a cluster.
We developed an arbitrary but consistent set of rules to eliminate from a given set of potential arrays those that were most unlike the arrays seen in the examples given above. This set of rules governed both the allowable spacings between elements, and the range of mismatches allowed. Spacings between elements, defined here as the distance in nucleotides between the central pyrimidines of adjacent PSEs (d in Figure 3) , were allowed to have values between 3 and 7. For potential elements that overlapped severely (d=2), only one of the elements was considered. When adjacent elements had d>8, a 'gap' was introduced at the midpoint between the two elements. To eliminate potential arrays in which one of the interspersed subarrays was not convincingly periodic, sequences that had two adjacent gaps or had the structure 'gap-PSE-gap' were removed from consideration. Furthermore gaps adjacent to the element at either end of an array were not allowed; in such cases the end element was deleted. In addition, end elements that poorly matched the criterion angles (rms > 3) were deleted. Every other element (or gap) was assigned to one of two subarrays. These are indicated in Figure 3 as horizontal lines below (subarray 1) or above (subarray 2) the sequence, and the distance between adjacent elements of each subarray was used to determine the periodicity of the array.
Once the spacing of a potential array was determined, criteria governing the overall amount of mismatch from the prototype were applied. We first examined a large set of PSE matches found in a human sequence dataset (described more fully below), looking at the degree to which individual elements matched the SV40 criterion. We noted that all sequences that exactly matched the PSE prototype gave a predicted set of helical twist angles that very closely matched (average rms deviation < 1.0°) those of the SV40 criterion set ( Table 2 ). Among the set of sequences with one mismatch from the prototype, the two classes with mismatches at positions -2 and +2 gave helical twist angles with the greatest deviation from the criterion, (average rms ~ 4°) while sequences of the form 5'-RRYYRRR, -RRRYRRY and -YRRYRRR gave fairly close agreement (average rms 1.1 -1.5°). The latter classes were designated 'good' matches, and all other classes were designated 'fair' matches. In Figures  2 and 3 , the perfect matches are denoted by a thick line with a filled circle, the 'good' matches by a thin line with a filled circle, and the 'fair' matches by a thin line with an open circle. With these definitions, each potential array was checked for the following criteria: (i) the number of elements had to be at least 6; (ii) the number of perfectly matched elements had to be at least two; (iii) the sum of the 'perfect' and 'good' elements (as defined above) had to be at least 70% of the total number of elements plus 'gaps' in the array. If any of these criteria were not met, the potential array was disqualified. If a 'gap' had been introduced, the disqualified array was split at the gap and each Sequences were retrieved from GenBank, and a personal computer was used to calculate helix parameters (12) and identify positions that closely matched the consensus sequence (5'-RRRYRRR). PSE arrays were identified as described in the text. 1 The locations of the central YpR steps of the first and last dements in each array are given using the GenBank numbering, untrans, untranslated. b For each array, the average RMS deviation of the five angles for all PSEs of the array from the SV40-criterion angles is given. 0 For all dements of each array, the fraction of the six nucleotides that flank each central pyrimidine which are purines is given. • The following sequences were searched: Ha-ras (J00277), c-myc (J00120), dbl (J03639), c-erb (M16892), int-1 (XO3O72), jun-a (J04111), pim-1 (M27903), c-sis (Y00326, X03493), fos (K00650), K-ras (XO7918), p53 (M26864), egfr (Ml 1234), and raf-1 (M38134). b The human Ha-ras sequence was shuffled 8 times and the resulting random sequences were searched. c The human c-myc sequence was shuffled 6 times and the resulting random sequences were searched. d The following sequences were searched: Hum25asyn (XO4371), Hum3oct (X14813), Hum4cola (J05O70), Huma2m (Ml 1313), Humacadm (M16827), Humacp5 (J04430), Humada (K02567), Humadh21c (DOO137), Humadhlca (M12963), Humadppo (M17081), Humagalar (X05790), Humaiceb (J04144), Humalad (M13928), Humald (M19922), Humalda (Ml 1560), Humaldb (K01177), Humaldhl (K03000), Humalfuc (M29877), Humamipep (M22324), Humang (K02215), and Humargl (M14502). ' The following sequences were searched: Ecoace (V04198), Ecoada (M10211), Ecoadk (XO3O38), Ecoafrl (M32083), Ecoair (X12982), Ecoalka (K02498), Ecoapt (M14O40), Ecoaroc (M27714), Ecoarod (XO4306), Ecodcrm (M32307), Ecotfld (X01067), Ecodnab (K01174), Ecodsda (JO1603), Ecoentc (X12670), Ecogpta (M13422), Ecophoab (M29663), Ecopola (J01663), Ecouvraa (M13495), Ecouvrc (X03691), and Ecouvrd (X00738).
half was separately evaluated, according to the above criteria. This process was repeated until all portions of the potential array were either allowed or disqualified.
Analysis of human oncogenes
The scoring system just described was applied to several sequence datasets, each comprising a total sequence length of between 48,500 and 51,600 bp. Because both strands were searched, each dataset amounted to about 100,000 nt. Since preliminary studies of the human c-Ha-ras gene and the c-Ki-ras promoter showed these genes to contain several PSE arrays, we initially decided to study human oncogene sequences. We chose a set of eight human proto-oncogenes for which fairly complete genomic sequences information, including both 5' and 3' flanking regions, was available in GenBank, and five more for which genomic sequences including the 5' flanking regions but only part of the coding region was available. Analysis of this dataset (48,500 bp) yielded a total of 31 PSE arrays distributed among 10 of the total of 13 proto-oncogenes. The locations of these 31 arrays are given in Table 3 . In order to evaluate this finding, we constructed and searched two random datasets of approximately equivalent length. These were prepared using the Shuffle facility of the gcg software package (28) which randomly rearranges the order of a given nucleotide sequence. The datasets were prepared by 'shuffling' the c-Ha-ras sequence eight times and the c-myc sequence six times, respectively. The total number of arrays identified was 15 for the shuffled ras sequences and 8 for the shuffled myc sequences, factors of two to four lower than the number of arrays recovered in the oncogene dataset. This difference in die total number of arrays of length 6 or greater between the oncogene and shuffled datasets was statistically highly significant (chisquare, p<0.01).
The differences between the sets of arrays found in the oncogene and shuffled datasets were more pronounced if the data were considered in terms of the length of the arrays. In Table  4 , the frequencies of occurrence of arrays containing different numbers of elements are compared. As one would expect for randomly occurring arrays, the length distribution in die shuffled datasets is skewed, with over three fourths of the arrays containing 6 or 7 elements. In contrast, less than half of the oncogene arrays are this short. If only arrays of 8 or more are considered, the frequency of occurrence in the oncogene dataset is about 7 fold higher dian that in the shuffled datasets.
Comparison of the two datasets in terms of arrays with 6 or 7 elements versus those with 8 or more indicates a highly significant difference between die oncogene data and the random data (p=0.0141, Fisher's exact test). We conclude that the occurrence of PSE arrays with 8 or more elements in the oncogene dataset is much greater than would be expected by chance alone.
A possible, trivial explanation for die higher number of PSE arrays in die oncogene dataset could be a higher frequency of occurrence of the PSEs diemselves. However, examination of the datasets revealed that this was not die case. In fact die total frequency of PSEs in the shuffled datasets (. 125) was slighdy higher dian in the oncogene dataset (. 106). A second possibility was tiiat coding sequences, which are of course contained in the oncogene set but not in the shuffled sets, tend to contain arrays of PSEs. To test diis, we constructed a dataset of 25 human cDNA sequences containing a total sequence length of 48,800 bp, and searched it for PSE arrays as described above. As shown in Table  4 , recovery of arrays in die cDNA dataset was similar to diat in die randomly shuffled datasets; the total number of arrays was significandy smaller tiiat those in die oncogene dataset (chisquare, p<.01).
Finally, it could be argued diat the most important feature of me PSE arrays we have identified is a 'core' of two or three GC-boxes such as tiiose illustrated in Fig. IB for the mouse HPRT promoter or in Fig. 2A for the human c-Ha-ras gene. The occurrence of PSE arrays surrounding such features might tiien be expected to occur at a higher frequency than that measured in die shuffled oncogene dataset. However, although several of the sequences given in Figures 1 and 2 as examples of PSE arrays are rich in GC-boxes, tins was by no means a consistent feature of die data. In fact, of the 31 PSE arrays identified in die oncogene dataset, 20 contained no GC-boxes and only 4 of the arrays contained two or more GC-boxes.
Furthermore, if the occurrence of arrays surrounding such GCbox clusters is a random occurrence, one would not expect such arrays to be conserved. In contrast to this expectation, the PSE array structure in die 5'-flanking region of die c-Ha-ras gene is conserved dirough mammalian evolution. The homologous regions of die human, rat and mouse genes are shown in Fig. 4 . There is a central 30 base pair region (bracketed in Fig. 4 ) diat is 93% identical between die tiiree species. The sequence of die surrounding 25-26 nucleotides is only about 50% conserved in pairwise comparisons. However, in each sequence die 30 base pair core is part of an 8-membered PSE array diat has a relatively uniform spacing between elements (11 ± 1) and contains no gaps. Because of me divergence at die nucleotide level, die position of die left-most PSE in the human and mouse sequences is shifted ± 6 bp wim respect to the rat sequence. This conservation of array structure over and above die conservation of GC-box motifs strongly suggests that the array structure itself makes an important contribution to me function of diese DNA sequences.
Some of die basic parameters characterizing the set of oncogene PSE arrays are given in Table 3 . The concordance of die twist angle patterns for die oncogene PSE arrays with the SV40 criterion, as measured by the RMS deviation for each array, ranged from 0.8° for a six-element array in me 3'-untranslated region of die int-1 oncogene to 2.1 ° for a seven-element array flanking the p53 gene; the average RMS deviation for the 272 PSEs contained in the 31 arrays was 1.3°. For arrays with 8 or more elements, the range of rms deviations was smaller (0.9 to 1.5°). This concordance is striking since only 13 of the 272 elements analyzed matched the GC box consensus sequence. A further 8 elements matched the 5'-AGGCA sequence, characteristic of the p53 protein binding site. The average periodicity of the interspersed arrays was 10.1 ±0.9 bp and the offset between interspersed arrays was 5.1 ±1.5 bp. This is illustrated by the schematic diagrams of several representative arrays given in Fig. 2 .
Distribution of PSE arrays within oncogenes
In addition to the fine structure of the PSE arrays, the distribution of these arrays within the genes was also of interest. Of the 31 arrays identified (Table 3) , 11 were 5' to the major transcriptional start sites of the genes, 8 were in the 5' untranslated regions of the major transcripts, and one was 3' to the poly(A) addition site. Only four of the arrays were within exon sequences or internal introns. Eight of the 13 genes analyzed contained at least one PSE array 5' to the coding sequences. This finding is consistent with a general role of PSE arrays in gene regulation, and suggests that searches for such arrays may prove useful in large-scale sequencing projects for finding the 5'-ends of genes.
Low frequency of occurrence of PSE arrays in prokaryotes
The majority of the data presented so far has dealt with human and viral sequences, although examples of mouse and hamster PSE arrays have been given. We wondered to what extent the occurrence of PSE arrays is common to all organisms. Analyses of selected genes from die chicken, fruitfly (D.melanogaster), nematode (C.elegans) and yeast (S.pombe) indicated the presence of fairly long PSE arrays in a wide spectrum of eukaryotes (data not shown). However, preliminary analysis of several bacterial genes failed to indicate long PSE arrays. Accordingly, we constructed and searched a 48,900 bp dataset, consisting of 20 genes from E.coli. As shown in Table 4 , the occurrence and length distribution of PSE arrays in this dataset appeared similar to that in the randomly shuffled datasets. Comparison of the total number of arrays in the E.coli and oncogene datasets yielded a highly significant difference (chi-square, p<.001).
Information content of PSE arrays
Inspection of the oncogene PSE arrays for sequence motifs repeated within a single array indicated a wide variability. For example, three arrays (in the Ha-ras, K-ras and c-myc genes) that contained two or three copies of the GC-box consensus sequence also contained three to eight PSEs with a single base change from the consensus; two of tfiese are illustrated in Figure 2A and B. The array shown in Figure 2C , from the pirn proto-oncogene, contains two copies of the sequence AAACAA (positions 5542 and 5535) as well as two sequences one base change removed (AAACAG, position 5529, and AAATAA, position 5520). On the other hand, some arrays, such as the 7-member array from the promoter of raf-1 shown in Figure 2D , seem to show very little homology between elements other than the general conformance to the PSE motif.
In an attempt to quantify the similarities between elements within arrays, we used a method previously worked out to determine optimal alignments of protein-binding sequences (31, 32) . The method calculates an information content for each position in a sequence according to the formula: ft-A where the summation runs over the four normal bases (A, C, G, and T), f b is the fractional occurrence of base b and Pb is the probability of occurrence of base b, taken to be 0.25 for all b. In cases where the actual frequency of a base was zero, an estimated frequency of 0.5/n was substituted (32) , where n is the number of elements in the array. The value of this function is low when each of the 4 bases occurs at equal frequency at a given position and high when only a single base is found at that position. We applied this algorithm to each of the seven positions of the PSE element for each of the 31 arrays found in the oncogene dataset. For comparison, artificial arrays were analyzed by picking a position in a shuffled ras sequence that was known not to contain an array, and assigning every fifth or sixth nucleotide downstream from that position as the center of an 'element.' Twenty such pseudo-arrays with eight 'elements' each were analyzed to gain some feeling for the values of the information content to be expected for random 'arrays. ' Initially, we averaged the information content at each of the seven positions and compared the values so obtained for the random and oncogene arrays. The mean value for die overall information content of the oncogene arrays (0.74 ±0.18), was approximately twice the value found for the random arrays (0.34 ±0.11). This difference was highly significant (t-test, p<.0001). Thus, overall there are significant biases towards particular nucleotides at particular positions in the oncogene arrays. However, there is by no means an overwhelming bias, on average, since the maximal values for information content of our sequences (i.e. if each element of an array were identical) ranged between 1.61 and 1.74, depending on the number of elements. Thus, the average observed value was a little less than half the maximal value.
Given this finding, it was also of interest to compare the information contents at the different positions of the PSE. The information contents at each of the 7 positions of the PSE for the 31 oncogene arrays were compared by ANOVA, and the difference between positions was found to be significant (p<.0001). 
CONCLUSIONS
If the occurrence of PSE arrays is not due to chance, then their widespread occurrence suggests a functional importance. Since we have noted above several such arrays that occur in sequences that are targets for DNA-binding proteins (viz. Spl, p53 and GABP), we suggest that the PSE array is a fundamental pattern that can be important in the interaction of fro/w-acting factors with dieir target sequences. Several potential roles can be envisioned. 1) The presence of multiple PSEs may reflect the complexity of regulation of the genes examined, with each array consisting of several sequence motifs that bind different transacting factors. The close spacing of the PSEs could facilitate binding of heteromeric dimers, or could allow modulation of binding affinity at a given site based on occupancy of adjacent binding sites (33, 34) . The recent identification of a family of Spl-like proteins (35) with overlapping DNA-binding specificities adds a further dimension to this possibility. 2) The presence of an array of structurally homologous sites surrounding a single binding site could effectively increase the probability that the binding site is occupied by its cognate factor if the factor exhibits lower affinity binding to other sites in the array. Binding to the secondary sites would have the effect of increasing the local concentration of the factor, facilitating binding to the primary site. The transcription factor Spl in particular is known to bind to several different sequences related to the GC-box consensus (35) (36) (37) (38) . As an example, the PSE array from the K-ras promoter ( Figure 2B ) contains two consensus GC-boxes (GGGCGG) and 8 PSEs that differ by 1 nucleotide from the consensus, 2 of which are identical with the retinoblastoma control element (GGGTGGC), which was recently demonstrated to bind Spl (38).
3) The longer range structure of an array may determine the probability of formation of a nucleosome covering the binding site, or may determine die precise positioning of a nucleosome. Long PSE arrays were found in all eukaryotes examined but not in prokaryotic genes (Table 4 ). This finding is consistent with the suggestion that PSE arrays are somehow involved in nucleosome positioning, since prokaryotes lack nucleosomes. By analogy to the TFHI-A/5S-DNA system (39), nucleosome formation and positive regulation via factor-binding may be alternative, stable states in many genes. Inhibition of transcription factor binding by nucleosome positioning is by no means universal, however, as evidenced by the binding of glucocorticoid receptor (40) (41) (42) (43) and GAL-4 (44) to positioned nucleosomes. Indeed, it has been suggested that in some cases precise rotational positioning of a nucleosome ensures access of a factor to its DNA target displayed on the surface of a nucleosome (42) . It is worth noting that the average periodicity of the PSE arrays identified in the human oncogene dataset (10.1 °) is similar to the rotational periodicity of DNA on the surface of nucleosomes (45 -47) , and it will be interesting to determine to what extent PSE arrays influence nucleosome positioning.
Many of the conceptual advances made in the past 10 years in our understanding of transcriptional regulation have relied on a linear model, namely the search for motifs in the primary DNA sequence that are associated with specific protein binding. The results presented here reinforce the importance of the 3-dimensional surface presented by the DNA in these interactions and suggest die need for non-linear tools in analyzing DNA sequence data for possible regulatory sequences. The extent of several of the PSE arrays identified and their apparent inherent redundancy suggests diat diey may have multiple functions, particularly in the complex regulation of pivotal cellular genes such as the proto-oncogenes. Dissection of these functions may necessitate non-linear approaches (for example, changes in the phasing or arrangement of PSEs) in addition to die standard (linear) approach of site-directed mutagenesis. Similar approaches are currently in use in die dissection of DNA sequence contributions to nucleosome positioning (48, 49) . The alterations in DNA conformational parameters that result from 'purine-purine clash' and which served as die starting point for die present analysis have been suggested as important factors in nucleosome positioning (50) . This raises the intriguing possibility dial PSE arrays have a direct role in determining rotational positioning of nucleosomes.
